Purpose of Review The prevalence of obesity continues to rise, fueling a global public health crisis characterized by dramatic increases in type 2 diabetes, cardiovascular disease, and many cancers. In the USA, several minority populations, who bear much of the obesity burden (47% in African Americans and Hispanic/Latinos, compared to 38% in European descent groups), are particularly at risk of downstream chronic disease. Compounding these disparities, most genome-wide association studies (GWAS)-including those of obesity-have largely been conducted in populations of European or East Asian ancestry. In fact, analysis of the GWAS Catalog found that while the proportion of participants of non-European or non-Asian descent had risen from 4% in 2009 to 19% in 2016, African-ancestry participants are still just 3% of GWAS, Hispanic/Latinos are < 0.5%, and other ancestries are < 0.3% or not represented at all. This review summarizes recent developments in obesity genomics in US minority populations, with the goal of reducing obesity health disparities and improving public health programs and access to precision medicine. Recent Findings GWAS of populations with the highest burden of obesity are essential to narrow candidate variants for functional follow-up, to identify additional ancestry-specific variants that contribute to individual genetic susceptibility, and to advance both public health and precision medicine approaches to obesity. Summary Given the global public health burden posed by obesity and downstream chronic conditions which disproportionately affect non-European populations, GWAS of obesity-related traits in diverse populations is essential to (1) locate causal variants in GWAS-identified regions through fine mapping, (2) identify variants which influence obesity across ancestries through generalization, and (3) discover novel ancestry-specific variants which may be low frequency in European populations but common in other groups. Recent efforts to expand obesity genomic studies to understudied and underserved populations, including AAAGC, PAGE, and HISLA, are working to reduce obesity health disparities, improve public health, and bring the promise of precision medicine to all.
Introduction
In 2016, an estimated 98 million American adults were obese [1, 2] , fueling a public health crisis with an enormous financial burden, doubling every decade to~$900 billion by 2030 [3] . Obesity has the potential to reverse gains in health and life expectancy achieved over the past century [4, 5] , with detrimental effects nearly doubling the gains attributed to public health interventions to reduce cigarette smoking [6•] . And while smoking prevalence has declined in recent years, obesity prevalence continues to climb [2, 7] . The Healthy People 2020 guidelines call for a 10% reduction in obesity in all populations to hit their target of 30.5% or less obese adults by 2020. The associated morbidity, mortality, and disability of associated chronic diseases, including type 2 diabetes, cardiovascular disease (CVD), and heart failure, among others [4] , lend urgency to obesity prevention and control research.
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Particularly at risk are minority populations, such as African Americans (AAs) and Hispanic/Latinos (HL), who face inequitable exposures to psychosocial and behavioral risk factors for obesity [8, 9] and have an elevated obesity prevalence (47%) and associated chronic diseases compared to European-descent populations (EA, 38% obesity prevalence) [10] [11] [12] [13] [14] [15] [16] [17] [18] . There is also a difference in adult obesity prevalence by sex, with 41% of women being obese compared to 38% of men. This trend is more striking among AA, where 55% of women are obese compared to 37% of men. Unfortunately, to date, the majority of genetic studies of obesity (and genetics studies in general) have been conducted in populations of European and East Asian descent. The consequences of this are threefold: (1) it limits our potential to identify variants that may be specific to population groups, (2) it excludes those groups with the highest burden of disease from the benefits of genetic discovery and personalized medicine, and (3) it limits our potential for fine mapping to identify functional variants and causal genes, given that African-descent populations have the greatest genetic diversity-and thus shorter haplotypes (genetic variants that tend to be inherited together)-providing a much narrower window of potential functional variants around GWAS tagSNPs than EA.
Genetics of Obesity
To date, genome-wide association studies (GWAS) have identified 551 genetic loci associated with measures of obesity [19••, 20 [27•] . In the past, Asian populations have been excluded from genetic studies of obesity, and obesity studies more generally, given their low obesity prevalence (just 12.7% in 2016) compared to other populations [1] . However, recent research has demonstrated that Asian-descent groups have increased risk of cardiometabolic consequences associated with obesity (hyperlipidemia, T2D, CVD) at much lower BMI than other populations, and the World Health Organization and other groups now recommend lower BMI thresholds in Asian populations to capture this risk [28] . The overwhelming focus on EA in genetic studies of obesity makes it nearly impossible to identify variants that are population specific. It also presents difficulties when trying to replicate (find statistically significant genetic associations in other samples) or generalize genetic associations (i.e., identify variants with the same magnitude of association and direction of effect) to other populations, as the differing degrees of linkage disequilibrium (LD) across ancestries mean that GWAS variants identified in EA may not tag the same genetic signal in other populations. Thus, we must conduct genomic studies of obesity in diverse populations using appropriate population-specific phenotype definitions of obesity, to measure the breadth of genetic variation, to aid in identifying the functional variant in a locus through fine mapping (narrowing the window of potential candidate loci at an association signal by leveraging shorter LD blocks in nonEuropean samples), and to identify any ancestry-specific variants to more precisely predict disease risk for specific populations and tailor public health or precision medicine interventions.
The purpose of this review is to describe, with specific examples, the current state of obesity genomics in underrepresented and underserved US minority populations; therefore, our review will focus on African-and Hispanic/Latinodescent populations as they display the highest prevalence of obesity. Other recent reviews describe strategies for increasing diversity in research more broadly [25•, 27•, 29] , and we recommend these important perspectives to interested readers.
Identifying Novel Obesity Variants in Ancestrally Diverse Populations
As noted, the GWAS literature continues to be dominated by discoveries made in populations of European descent. Until this is remedied, we will be unable to identify associations that are uncommon in European-ancestry populations but common in others, especially because of evolutionary history shaping the allele frequencies and LD patterns of global populations (see GWAS in Greenlanders [30] , and Samoans [31] as prominent examples). In fact, the gap between the amount of phenotypic variance explained by top GWAS findings and that estimated to be attributable to genetics (i.e., missing heritability) continues to be wide for most complex traits, providing a strong scientific impetus for discovery studies for complex traits across global populations [32, 33] .
There are now many examples from the literature of disease susceptibility variants that are common in an ancestrally diverse population, but rare in European-descent populations [34] . For example, AA individuals are twice as likely to develop end-stage renal disease when compared to EA individuals. This observation led to the discovery of genetic variants that are common in individuals of African but not European ancestry and that contribute to explaining this heightened risk of disease [35] . Interestingly, these variants are also associated with higher rates and faster progression of kidney disease in other admixed groups with African ancestry, including HL [36] . The reason the association was found in AAs is that the relevant variants had reached appreciable frequency in that ancestry, thus yielding higher power to map these genetic variants for a given cohort sample size. Since HL are a highly diverse group in terms of genomic ancestry [37•] , it is not surprising that the association will replicate in some (e.g., Dominicans who have a substantial proportion of African ancestry), but not others (e.g., Mexicans, who have far less) [38] . These examples highlight the necessity of discovery studies in ancestrally diverse populations as well as in admixed populations for the identification of novel susceptibility variants that may be rare or absent in previous large GWAS in Europeandescent populations. Although there is a paucity of genomic studies in ancestrally diverse populations, several notable large genomic consortia with a focus on diverse populations have been implemented, two of which are described below. These are not meant to be a comprehensive capture of the literature on ancestrally diverse genomic studies of obesity, but rather as examples that showcase the breadth of discovery that is possible in such studies.
African Ancestry Anthropometry Genetics Consortium
In 2014, we assembled a consortium of African-descent population studies, the African Ancestry Anthropometry Genetics Consortium (AAAGC), to identify Africanspecific alleles for obesity-related traits and to fine map loci first identified in EA in African-ancestry participants. We conducted analyses in a three-stage design (stage 1, discovery in AA; stage 2, replication in AA; and stage 3, meta-analysis of AA+EA) to evaluate associations with overall obesity (measured as BMI) and central obesity (measured as waist-hip ratio adjusted for BMI, WHRadjBMI) stratified by sex and in sexes combined Genotyping, imputation and quality control details from each study, measurement of obesity phenotypes, and data analysis are provided in the original publication [23••] . Fine mapping was conducted among the locus-wide (defined by ± 1 cM) significant established loci and novel loci to localize putative causal variants. We constructed credible sets containing variants that jointly account for 99% posterior probability of driving the association in a locus using the corresponding sex-combined or sex-stratified meta-analysis results from AA, EA, and combined ancestry. In 58% of fine-mapped loci, we observed < 20 variants in a credible set when AA results were included, which are more tractable for functional follow-up (see example in Fig. 1 , at MAP2K5). Importantly, rs16951275 was within the credible set, and is a cis-eQTL variant regulating nearby gene expression of MAP2K5 in several tissues, including subcutaneous and visceral adipose tissue.
In summary, we performed the largest meta-analyses of obesity in African-ancestry populations to date [23••, 24] . We identified several novel loci for BMI and WHR, and one highly suggestive locus influencing BMI. In addition, we were able to refine the window of association of some of the previously established loci, which may eventually help identify the biologically functional variant(s). Taken together, these findings demonstrate the importance of conducting genetic studies in diverse populations.
Population Architecture Using Genomics and Epidemiology
The Population Architecture Using Genomics and Epidemiology (PAGE) Study (www.pagestudy.org) was designed to investigate the impact of ancestral diversity on genetic associations with disease. PAGE (2008-2013, NHGRI, NIMHD) originally performed large-scale genotyping using the Illumina MetaboChip from over 54,000 participants of African American, Hispanic/ Latino, East Asian, Native Hawaiian, and Native American descent. The MetaboChip array is a custom genotyping array designed for replication and fine mapping of cardiometabolic traits, including 41 densely genotyped obesity-associated regions previously reported in European populations [39] . With the MetaboChip, PAGE sought to identify novel signals previously undetected in any ancestry, characterize population-specific signals, identify independent signals within known cardiometabolic loci (including those for obesity), and fine map signals previously identified in Europeans. Gong et al. (2013) investigated 21 BMI loci first identified in EA, and found that eight were significant in a sample of~30,000 AA [40] . Of these eight loci, three (SEC16B, ETV5, GNPDA2) had the same lead SNP as the EA GWAS, while the other five had different lead SNPs in AA. For MC4R and TFAP2B, the previously reported lead GWAS SNPs were not associated with BMI in AA at all, suggesting that for some loci the variant identified in EA is not tagging the same signal (or the underlying functional variant) in AA. For FTO, the lead SNP in AA (rs62048402) has an r 2 of just 0.13 with the first reported EA variant (rs9939609) in this population, due the differences in LD between the two groups. These differences in LD have important implications for genetic studies. While the long stretches of LD in European populations assist in identification of genomic regions associated with a particular disease, they rarely pinpoint the functional variant, or even the affected gene, making genetic studies of complex diseases in diverse populations essential. 6,000 African Americans, they generalized 14, including six which had not been previously associated with BMI in AA (ATP2A1, COBLL1, MAP2K5, POC5, SLC22A3, TCF7L2). Variants in COBLL1 have been associated with central obesity [20••] , and TCF7L2 is a known type 2 diabetes gene [42] . Similar fine mapping in~26,000 HL generalized 13 BMI loci (eight of which also generalized in AA, five of them generalizing in HL only), while fine mapping in2 3,000 AS generalized eight BMI loci that also generalized to AA and/or HA. In the full trans-ethnic sample of EA, AA, HL, and AS, 29 of 36 BMI MetaboChip loci were generalized trans-ethnically, suggesting that many of the currently known common obesity variants identified in EA have similar effects on obesity across these ancestries.
PAGE MetaboChip data have also been used for an updated multi-ethnic GWAS of BMI [43] , resulting in replication of 27 of 33 known BMI loci present on the MetaboChip (21 added during chip design, and 12 subsequently associated with BMI in other GWAS). This multi-ethnic GWAS also discovered two new BMI variants, rs2820436 near LYPLAL1, a variant previously associated with decreased WHRadjBMI when adjusting for physical activity [44] , and rs10930502 in METAP1D. rs2820436 tags an enhancer variant in an eQTL for LYPLAL1 (lysophospholipase-like 1), also associated with lipid traits, adiposity, and T2D. In 1000 Genomes phase 1 African reference populations, rs10930502 is in moderate LD (r 2 = 0.48, D' = 0.85), with rs34636594, located in an adipose tissue-specific transcription factor-binding region. Despite both of these variants being common in EA (risk allele frequency [RAF] = 0.68 and 0.31, respectively), neither reached genome-wide significance in prior large EA GWAS [19••] . This could be due to a stronger effect on BMI in non-European populations, which had the largest effect sizes in this study, or because these variants are better tagSNPs of the true causal variants in non-EA populations, which tend to have shorter LD blocks.
More recent studies in PAGE (2013-2018, NHGRI, NIMHD) have further examined how variation in allele frequency and LD across ancestry may explain differences in disease risk. To address poor coverage of non-European genetic variation in available genotyping arrays, PAGE collaborated with the Consortium on Asthma among African-ancestry Populations in the Americas (CAAPA), Illumina, and other academic partners to design the Multi-Ethnic Genotyping Array (MEGA). Using the 1000 Genomes Project phase 3 cosmopolitan reference panel of non-European ancestries, we designed a platform with comparable imputation accuracy across all continental populations for a range of allele frequencies. A commercial version of the MEGA array is now available [45] [46] [47] [48] . For obesity phenotypes, in our combined African, Hispanic, Asian, and Native Hawaiian sample, we identified two novel signals on chromosome 5, one for BMI in sexes combined (beta (SE) = − 0.10 (0.02), P = 8.2 × 10 −9 ), and one for waist-hip ratio adjusted for BMI (WHRadjBMI) in women only beta (SE) = 0.065(0.01), P = 1.0 × 10 −9 ). The BMI variant (rs76493495) is intronic to SLIT3, with a combined effect allele frequency (EAF) of 0.04 (Fig. 2) . This variant was most common in AA (EAF = 0.08) and HL (EAF = 0.01), rare in Native Hawaiians (EAF = 0.001), and absent in both Asians in PAGE and the 1000 Genomes European reference population. SLIT3 codes for a slit guidance ligand involved in cell migration and is most highly expressed in human subcutaneous adipose and arterial tissues. The WHRadjBMI variant (rs10477191) significant in women only is 97 kb upstream of FGF-1, with an ancestry combined EAF in PAGE of 0.30. This variant is most common in AA (EAF = 0.53) and AS (EAF = 0.26), and also more common in Native Hawaiians (EAF = 0.17) and HL (EAF = 0.15) than in the 1000 Genomes European reference panel (EAF = 0.07). FGF-1 codes for fibroblast growth factor 1, a cell cycle regulator that promotes differentiation of human preadipocytes into mature adipocytes through regulation by PPARγ [50] . Variants in LD (r 2 > 0.4) with rs10477191 have been previously associated with plasma phospholipid transfatty acid levels [51] . FGF-1 knockout mice fed a high-fat diet have upregulated FGF-1 expression in white adipose tissue [52] , and both mice and humans administered FGF-1 show improved insulin sensitivity [53] .
Hispanic/Latino Anthropometry Consortium
To address the lack of genomic studies of obesity in Hispanic/ Latino populations, we have also formed the HISpanic/Latino Anthropometry (HISLA) Consortium, including over 23 individual studies as well as the Slim Initiative in Genomic Medicine for the Americas (SIGMA) Type 2 Diabetes Consortium [54] and the Consortium for the Analysis of the Diversity and Evolution of Latin America [55] . Together, HISLA includes over 56,000 Native American, Brazilian, or Hispanic/Latino participants living in the USA, Chile, Colombia, Mexico, or Peru. These samples have been imputed to the 1000 Genomes phase 1 cosmopolitan reference panel to search for novel loci associated with overall and central obesity, as well as fine-map established obesity loci. Preliminary analyses have been completed, and manuscripts detailing these results are in preparation.
Future Directions
One of the long-term goals of obesity genomics is to make accurate health predictions for the development of obesity, weight loss, and weight gain, based on genetic information. Many strategies are being developed to harness information gained from GWAS, particularly identification of thousands of SNPs that can be used in aggregate to predict individual risk of (or protection from) disease, in the form of Polygenic Risk [56, 57] . The results indicate that PRS generated from European GWAS are unpredictably biased when applied to non-European populations, due to poor coverage of global 
Conclusion
As evidenced by our work with AAAGC, PAGE, and HISLA, trans-ethnic GWAS of common, complex diseases like obesity can identify additional, population-specific signals in established loci. In fact, using the multi-ethnic PAGE MEGA excluding Europeans, we tested the hypothesis that effect size heterogeneity among populations may exist for many SNP associations in the largely European GWAS Catalog. While we were able to replicate (P < 5 × 10 −8 ) a total of 574 lead SNPs in 261 distinct genomic regions across 26 traits, 132 lead SNPs (23.0%) showed significant evidence of effect heterogeneity by genetic ancestry (SNPxPC P < 8.71 × 10 −5 ) [49••] . In addition, for 77% of the 261 regions that were replicated, the strongest signal was not the previously reported lead SNP from the GWAS Catalog but a different tag SNP. These results have important implications for precision medicine, as riskprediction models based on heterogeneous lead SNPs from the GWAS Catalog will likely have poor accuracy in nonEuropean ancestries.
However, the number of non-European GWAS remains small, hampering replication efforts of population-specific signals, as consortia efforts aiming to achieve the largest possible sample sizes to maximize discovery may find few if any studies available for replication. The genetic diversity of many non-European groups also presents challenges, as traditional race/ethnic categorizations mask the underlying genetic diversity of these groups, such as Hispanic/Latinos, who, depending on their country of origin, may have a high proportion of African ancestry (if they are of Caribbean descent) or none at all (if they are from mainland Central or South America). While efforts such as PAGE MEGA, designed to capture global genetic variation, make discovery of population-specific susceptibility variants more likely, what is needed are genetic studies across continental populations to replicate and confirm such findings.
Given the increased burden of obesity disability, morbidity, and mortality in minority populations that have been underservered in clinical settings and underrepresented in research to date, our responsibility as researchers must be to address existing health disparities and prevent the deluge of big data for precision medicine from exacerbating them. Our work with the AAAGC, PAGE, and HISLA demonstrates that the samples and data are available, and coordination and harmonization are possible. To truly realize the potential of public health and precision medicine for all and to confront the global obesity epidemic with all the tools at our disposal, we must work together to truly engage with the populations who are most at risk and can most benefit from our findings.
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